Nod-like receptors are a family of innate immune receptors that link cytosolic sensing of microbial and danger stimuli to the activation of immune responses. Two Nod-like receptor family members, Nod1 and Nod2, recognize bacterial peptidoglycan and activate immune responses via nuclear factor-jB (NF-jB) and mitogen-activated protein kinase (MAPK). The function of Nod1 and Nod2 has been largely studied in macrophages, but the role of these receptors in other innate immune cells remains unclear. In this study, we examined the function of Nod1 and Nod2 in innate immune responses of neutrophils. Mice were injected intraperitoneally with thioglycollate, and then peritoneal neutrophils were isolated 4 hr after injection. Tri-DAP and muramyl-dipeptide (MDP) were used as Nod1 and Nod2 agonists, respectively. The level of cytokines [interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a)] and chemokines (CXCL1 and CCL2) was increased by MDP, but not Tri-DAP in wild-type (WT) neutrophils. Increased production of cytokines and chemokines with MDP was abolished in Nod2-and Rip2-deficient neutrophils. MDP also induced the activation of NF-jB and MAPK in WT neutrophils, but not in Nod2-and Rip2-deficient cells. Flow cytometry analysis showed that L-selectin shedding was induced by MDP in WT neutrophils, but not in Nod2-and Rip2-deficient cells. MDP and Toll-like receptor (TLR) agonists (Pam 3 CSK 4 and lipopolysaccharide) exerted synergistic effects on the production of IL-6 and CXCL1 in neutrophils. Moreover, Nod2 and TLR4 cooperated to produce IL-6, TNF-a, CXCL1 and CCL2 in neutrophils in response to Gram-negative bacteria. Our findings suggest that the Nod2-Rip2 axis may contribute to the innate immune response of neutrophils against bacterial infection.
Introduction
Neutrophils are the most abundant leucocytes, comprising about 50-70% of all leucocytes. 1 These cells play important roles in inflammation and innate immunity against most bacterial and fungal pathogens before the adaptive immunity and cell-mediated immunity are triggered. 2 Neutrophils are rapidly recruited in large numbers to sites of acute injury or infection and act in a variety of antimicrobial effector functions such as phagocytosis and oxidant mechanisms against pathogens. 3 Furthermore, neutrophils produce cytokines to initiate inflammatory responses and chemokines to induce trafficking of immune cells. 4, 5 These functions of neutrophils are initiated by pattern-recognition receptor-mediated recognition of pathogen-associated molecular patterns at cell surface or cytosol of host innate immune cells.
Toll-like receptors (TLRs) recognize various microbial molecules such as lipopolysaccharide (LPS), lipoprotein, flagellin and nucleic acids at the cell surface and endosomal membranes. 6 In contrast, Nod (nucleotide-binding oligomerization domain) -like receptors (NLRs) mediate cytosolic recognition of microbial molecules. Nod1 and Nod2, the first members of the NLR family to be identified, recognize distinct sub-structures from bacterial peptidoglycan. 7 Nod1 recognizes meso-diaminopomelic acid (meso-DAP), which is uniquely found in peptidoglycan from all Gram-negative bacteria and several Gram-positive bacteria such as Listeria and Bacillus spp. In contrast, Nod2 senses muramyl dipeptide (MDP), which is a conserved structure in peptidoglycan from all Gram-negative and Gram-positive bacteria. [8] [9] [10] [11] After recognition of their ligands, Nod1 and Nod2 directly recruit receptor interacting protein 2 (Rip2/RICK/CARDIAK), a caspase recruitment domain (CARD) -containing serine/threonine kinase through CARD-CARD interactions. 12 Subsequently, Rip2 is conjugated with K63-linked polyubiquitin chains. This process leads to linking of transforming growth factor-b-activated kinase-1 to IjB kinase complex, which was essential for nuclear factor-jB (NF-jB) activation, resulting in the production of pro-inflammatory cytokines and chemokines. 12 In addition, Nod1/Nod2-Rip2 signalling leads to the activation of mitogen-activated protein kinases (MAPKs) in host cells such as macrophages and mesothelial cells. 13, 14 The role of TLRs in the immune response of neutrophils has been widely studied, whereas the function of NLRs in neutrophils is not well-understood. Nod1 regulates the migration and phagocytic capacity of neutrophils isolated from pooled blood or bone marrow of mice. 15, 16 Nod1 ligation also leads to the activation of NF-jB and MAPKs in neutrophils. 16 In addition, previous studies revealed that Nod2 is expressed on both human and mouse neutrophils 17, 18 and the Nod2 agonist MDP induces interleukin-8 (IL-8) production, CD62 ligand shedding, and CD11b up-regulation. 17 However, it remains to be elucidated whether Nod2 and Rip2 are required for the MDPinduced immune response of neutrophils and whether Nod1 or Nod2 are involved in neutrophil immune responses in response to bacterial infection. We demonstrate here that Nod2 and its adaptor molecule Rip2 are essential for MDP-mediated immune responses in neutrophils, including the production of cytokines and chemokines and the activation of NF-jB and MAPKs. Moreover, Nod2 cooperates with TLRs to produce cytokines in neutrophils against live bacterial infection.
Materials and methods

Mice
Rip2-, Nod2-, and TLR4-deficient mice on C57BL/6 background were purchased from the Jackson Laboratories (Bar Harbor, ME). Mice with a combined deficiency of Nod2 and TLR4 were generated by interbreeding Nod2-and TLR4-deficient animals in our animal facility. Wild-type C57BL/6 mice were obtained from Koatech (Pyeongtaek, Korea). All animal studies were approved and followed by the regulations of the Institutional Animal Care and Use Committee in Konyang University (Daejeon, Korea).
Reagents and bacterial culture
The MDP was purchased from Bachem (Torrance, CA). Tri-DAP and Ultrapure LPS from Escherichia coli O111: B4 were purchased from InvivoGen (San Diego, CA). Single colonies of bacteria were inoculated into 5 ml of Luria-Bertani broth and grown overnight at 28°in the shaking incubator. A 1/5 dilution of the overnight culture was prepared and allowed to grow at 37°with shaking to A 600 = 0Á6, which corresponds to~10 9 colony-forming units/ml. After washing twice with PBS (pH 7Á4), bacteria were diluted to the desired media concentrations and used in a further experiment.
Preparation of thioglycollate-elicited and bone marrowderived neutrophils
Mouse peritoneal exudate neutrophils were isolated from the mouse peritoneal cavity as previously described. 19 Mice were injected intraperitoneally with 2 ml of 4% thioglycollate broth (Sigma Aldrich, St Louis, MO) and peritoneal lavage was performed with 5 ml PBS 4 hr later. Lysis of red blood cells was carried out using red blood cell lysis buffer and total cell numbers were counted with a haemocytometer. Cell morphology was determined on cell monolayers prepared by Cytospin (Cellspin; Hanil Science Industrial, Incheon, Korea) and stained with Diff-Quik (Thermo Fisher Scientific, Pittsburgh, PA). For the preparation of neutrophils derived from bone marrow, mice were killed and their femur and tibia from both back legs were flushed with PBS supplemented with BSA and glucose (PBS-BG) to extract bone marrow. The bone marrow cells suspended with the 45% Percoll solution (GE Healthcare Life Science, Uppsala, Sweden) were overlaid on a four-layer Percoll gradient of 81%, 62%, 55% and 50% Percoll solution, respectively, diluted in PBS-BG, and centrifuged (600 g, 30 min, 10°) without braking. The neutrophils were between the 81% and 62% layer. The cells resuspended in PBS-BG solution were laid on top of the Histopaque-1119 (Sigma) again and centrifuged (500 g, 30 min, 10°) without braking. The neutrophils in the interface were used for bacterial infection.
Intracellular staining for Nod1, Nod2 and Rip2
For intracellular staining of Nod1, Nod2 and Rip2, neutrophils were washed with PBS containing 0Á5% BSA, fixed and permeabilized with BD Cytofix/Cytoperm solution (BD Biosciences, San Jose, CA) for 30 min at 4°. Then the cells were stained with anti-mouse Nod1, Rip2 (Cell Signaling Technology, Beverly, MA), Nod2 (Santa Cruz Biotechnology, Santa Cruz, CA) or control IgG (Imgenex, San Jose, CA) for 30 min at 4°, followed by FITC-conjugated secondary antibody at 4°for another 30 min. The expression of Nod1, Nod2 and Rip2 was assessed by flow cytometry (BD FACSCalibur flow cytometer).
Bacterial infection
The cells were seeded in six-well or 48-well plates at a concentration of 4 9 10 5 or 8 9 10 5 cells and incubated in a 5% CO 2 incubator at 37°. Subsequently, the cells were left uninfected or infected with bacteria at the indicated multiplicity of infection for 60 min and extracellular bacterial growth was inhibited by gentamicin (50 lg/ ml) treatment. Culture supernatants were collected 24 hr after infection for cytokine measurement.
Immunoblotting
The cells were stimulated with MDP, harvested, and lysed in a buffer containing 1% Nonidet-P40 supplemented with a complete protease inhibitor 'cocktail' (Roche, Mannheim, Germany) and 2 mM dithiothreitol. Lysates were separated by 10% SDS-PAGE and were transferred to nitrocellulose (NC) membranes by electroblotting. The membranes were immunoblotted with primary antibodies, such as regular-and phospho-IjB-a, phospho-Jun N-terminal kinase (JNK) (Cell Signaling Technology,), phospho-p38, regular-and phospho-extracellular signalregulated kinase (ERK) (Santa Cruz Biotechnology). After immunoblotting with secondary antibodies, proteins were detected with enhanced chemiluminescence reagent (Intron Biotechnology, Seong-Nam, Korea).
Cytokines measurement
The concentration of IL-6, tumour necrosis factor-a (TNF-a), IL-1b, CXCL1 and CCL2 in culture supernatants was determined using a commercial ELISA kit from R&D Systems (Minneapolis, MN).
L-Selectin shedding
To determine L-selectin shedding on neutrophils by MDP stimulation, neutrophils (4 9 10 6 cells) were treated with MDP (1 lg/ml) for 24 hr at 37°. After stimulation for 24 hr, collected cells were washed three times with PBS, and then resuspended in 0Á5% BSA. The L-selectin shedding of neutrophils was analysed by flow cytometry (BD FACSCalibur flow cytometer).
Statistical analysis
The differences in mean values among different groups were tested, and the values were expressed as mean AE SD. All of the statistical calculations were performed by one or two-way analysis of variance with Bonferroni post-tests using GRAPHPAD PRISM version 5.00. Values of P < 0Á05 were considered significant.
Results
Nod2 and Rip2, but not Nod1, are strongly expressed in thioglycollate-elicited neutrophils
We first determined the characteristic of thioglycollateelicited mouse neutrophils used in this study. Flow cytometry analysis revealed that over 90% of cells were both CD11b + and Ly6G + , known as markers expressed on neutrophils (see Supporting information, Fig. S1a ). When stained with Diff-Quick solution after cytospin, most cells were multi-nucleated, which is a typical morphology of neutrophils (Fig. S1b) . We also determined the intracellular protein expression of Nod1, Nod2 and their adaptor molecule Rip2 in mouse neutrophils. Nod1 expression was very low in the cells, whereas Nod2 and Rip2 proteins were strongly expressed ( Fig. S1c,d ).
MDP, but not Tri-DAP, induces the production of cytokines and chemokines in mouse neutrophils through Nod2-and Rip2-dependent manner
The activation of neutrophils with TLR agonists leads to the production of various cytokines and chemokines. 20 We therefore examine whether Nod1 and Nod2 stimulation induces cytokine and chemokine production in peritoneal mouse neutrophils elicited by thioglycollate. Peritoneal neutrophils were treated with Tri-DAP (a Nod1 agonist), MDP (a Nod2 agonist) or LPS as a positive control for 24 hr and the level of IL-6, TNF-a, CXCL1 and CCL2 in culture supernatant was measured by ELISA. MDP treatment increased the production of all cytokines and chemokines tested in mouse neutrophils, whereas Tri-DAP did not (Fig. 1a-d) , suggesting that Nod2 acts as a major cytosolic receptor to initiate immune response in neutrophils against bacterial infection. We next explored the contribution of Nod2 and Rip2 to the production of cytokines and chemokines by neutrophils in response to MDP. Consistent with results shown in Fig. 1 , MDP induced the production of IL-6, TNF-a, CXCL1 and CCL2 in wild-type (WT) neutrophils which was abolished in Nod2-and Rip2-deficient neutrophils ( Fig. 2a-d) . In contrast, LPS produced a similar level of those cytokines and chemokines in WT, Nod2-and Rip2-deficient neutrophils (Fig. 2a-c) . These findings indicate that Nod2 and Rip2 are required for cytokine and chemokine production elicited by MDP stimulation in neutrophils.
Nod2 and Rip2 are required for MDP-induced activation of NF-jB and MAPKs in neutrophils
Stimulation with MDP leads to the activation of NF-jB and MAPKs in macrophages. 13, 21, 22 To determine whether Nod2 and Rip2 contribute to NF-jB and MAPK activation by MDP in neutrophils, WT, Nod2-and Rip2-deficient neutrophils were stimulated with MDP and phosphorylation of IjB-a, p38, ERK and JNK was assessed by immunoblotting. MDP stimulation led to IjB-a degradation and phosphorylation in WT neutrophils at 30 and 60 min, respectively, but which was not observed in Nod2-and Rip2-deficient cells (Fig. 3) . P38, JNK, and ERK MAPK phosphorylation was enhanced at 30 min after MDP stimulation in WT neutrophils, but not in Nod2-and Rip2-deficient cells (Fig. 3) . These findings indicate that MDP leads to the activation of NF-jB and MAPKs in neutrophils via Nod2 and Rip2 signalling.
Nod2 and Rip2 mediate L-selectin shedding for MDP stimulation in mouse neutrophils
L-Selectin is rapidly shed from the surface of leucocytes upon activation and contributes to physiological leucocyte rolling. 23, 24 Accordingly, we examined whether MDP induces L-selectin shedding in mouse neutrophils and Nod2 and Rip are critical for this process. Flow cytometry analysis showed that L-selectin shedding was induced by MDP at 1 hr post stimulation in WT neutrophils (Fig. 4a, b) . In contrast, MDP-induced L-selectin shedding was observed in neither Nod2-deficient nor Rip2-deficient neutrophils (Fig. 4a, b) . Hence, MDP-induced L-selectin shedding is mediated via Nod2 and Rip2 in neutrophils.
MDP cooperates with TLR agonists to produce cytokines and chemokines in mouse neutrophils
Co-stimulation of TLR agonists and Nod1/Nod2 agonists synergistically increases cytokine production in immune cells. 13, 25 To determine whether MDP enhances TLR agonist-induced production of cytokines/chemokines in neutrophils, WT cells were stimulated with Pam 3 CSK 4 (TLR2 agonist) and LPS (TLR4 agonist) in the absence (Fig. 5a-d) . These phenomena were confirmed in bone marrow-derived neutrophils. Unlike thioglycollate-elicited neutrophils, MDP alone did not induce any cytokine and chemokine production in bone marrow-derived neutrophils (see Supporting information, Fig. S2a-c) . However, the production of IL-6, TNF-a and CCL2 induced by Pam 3 CSK 4 or LPS was enhanced by MDP treatment (Fig. S2a-c) . CXCL1 was below the detectable level (data not shown). In addition, the enhanced production of IL-6 by co-stimulation of MDP and TLR agonists was abolished in Nod2-and Rip2-deficient neutrophils (Fig. 5e, f) . These findings indicate that Nod2-Rip2 signalling cooperates with TLRs to produce cytokines/ chemokines in neutrophils.
Both Nod2 and TLR4 are required for optimal production of cytokines and chemokines in mouse neutrophils in response to Gram-negative bacteria
We next investigated whether Nod2 and Rip2 are involved in cytokine/chemokine production in neutrophils in response to infection with bacteria. To clarify this, neutrophils from WT and Rip2-deficient mice were infected with Yersinia pseudotuberculosis (Gram-negative bacteria) and Listeria monocytogenes (Gram-positive bacteria) and the amounts of IL-6 and CXCL1 were measured in culture supernatant. The results showed that Rip2 single deficiency did not alter the production of IL-6, TNF-a, CXCL1 and CCL2 in neutrophils in response to Y. pseudotuberculosis and L. monocytogenes ( Fig. S3a-d) . Subsequently, we sought to determine whether Nod2 cooperates with TLR4 to produce optimal cytokines and chemokines in neutrophils in response to Gram-negative bacteria. As expected, the levels of IL-6, TNF-a, CXCL1 and CCL2 produced by Gram-negative bacteria including Y. pseudotuberculosis, E. coli and Pseudomonas aeruginosa were not significantly different between WT and Nod2-deficient neutrophils (Fig. 6a-i) . In contrast, at specific multiplicities of infection, TNF-a and CCL2 production were significantly decreased in Nod2/TLR4 double-deficient neutrophils in response to Y. pseudotuberculosis, compared with TLR4 singly deficient cells (Fig. 6b, d) . Moreover, the production of IL-6, TNF-a, CXCL1 and CCL2 by E. coli and P. aeruginosa were significantly decreased in Nod2/TLR4 double-deficient neutrophils, compared with TLR4 singly deficient cells (Fig. 6a-i) . These results indicate that Nod2 is required for optimal production of cytokines and chemokines in response to Gram-negative bacteria. 
Discussion
Although TLR signalling and function have been wellstudied in neutrophils, only a few studies have examined the role of Nod1 and Nod2 in innate immune responses in these cells. In the present study, Nod2 was strongly expressed in thioglycollate-elicited mouse neutrophils and its agonist MDP induced the production of Figure 5 . Muramyl-dipeptide (MDP) synergizes with Toll-like receptor (TLR) agonists to produce interleukin-6 (IL-6) and CXCL1 in wild-type (WT) neutrophils, but not Nod2-and Rip2-deficient cells. WT neutrophils were stimulated with MDP (1 lg/ml) and TLR agonists [Pam 3 CSK 4 or lipopolysaccharide (LPS); 10 ng/ml] alone or in combination. At 24 hr after stimulation, the concentration of IL-6 and CXCL1 in culture supernatant was determined by ELISA. Likewise, IL-6 production by WT neutrophils was compared with that elicited in Nod2-and Rip2-deficient cells in response to MDP (e, f). The results are from one representative experiment of three independent experiments (*P < 0Á05, ***P < 0Á001). Figure 6 . Nod2 and Toll-like receptor 4 (TLR4) cooperate to produce interleukin-6 (IL-6), tumour necrosis factor-a (TNF-a), CXCL1, and CCL2 by neutrophils in response to Gram-negative bacteria. For in vitro experimental infection, wild-type (WT), Nod2-and TLR4-, and Nod2/ TLR4 double-deficient neutrophils were infected with Yersinia pseudotuberculosis (a-d), Escherichia coli (e-h) and Pseudomonas aeruginosa (i-l) at the indicated multiplicities of infection (MOI) and treated with gentamicin to inhibit extracellular bacterial growth 60 min after infection. At 6 hr (Y. pseudotuberculosis and P. aeruginosa) or 12 hr (E. coli) after infection, the concentration of IL-6, TNF-a, CXCL1 and CCL2 in culture supernatant was determined by ELISA. The results are from one representative experiment of three independent experiments (*P < 0Á05, **P < 0Á01 and *** P < 0Á001).
ª 2014 John Wiley & Sons Ltd, Immunology, 143, 269-276 cytokines and chemokines, whereas Nod1 expression was very low and its stimulation with Tri-DAP did not produce any cytokines and chemokines tested. These phenomena are similarly found in human neutrophils. 17 Nevertheless, the function of Nod1 in neutrophils should not be overlooked. Clarke et al. 15 showed that Nod1 is essential for bacterial killing by neutrophils. They concluded that Nod1 recognizes microbiota-derived peptidoglycan in neutrophils, which enhances the ability of neutrophils to kill bacteria. Indeed, bacterial killing ability was reduced in neutrophils from germ-free mice or antibiotic-treated mice, as compared with specific pathogen-free or untreated WT mice. 15 Dharancy et al. 16 also showed that Nod1 regulates the migration and phagocytic capacity of neutrophils isolated from pooled blood or bone marrow of mice. Although Nod1 was not expressed in human neutrophils and its agonist (iE-DAP) did not induce IL-8 production, 17 further studies should be performed to determine whether Nod1 is functional in human neutrophils or not. It has been reported that Nod1 and Nod2 are functional in various cells, although their agonists alone could not induce the production of cytokines or chemokines. Muramyl-dipeptide alone does not lead to the production of cytokines in murine bone marrow-derived macrophages, it can activate NF-jB and MAPKs in the same cells and synergizes with TLR agonists to produce cytokines. 13, 26 Likewise, Nod1, Nod2 and Rip2 are expressed in hepatocytes, but only iE-DAP could induce chemokine (KC and RANTES) production and NF-jB activation. 27 Interestingly, although MDP alone could not induce any cytokine/chemokine responses in hepatocytes, MDP induced NF-jB activation in the cells pre-treated with TLR agonists such as LPS and Poly I:C. 27 These phenomena were similarly observed in our previous study using prostate epithelial cells. 28 These findings suggest that even though Nod1 or Nod2 agonists alone do not produce cytokines and chemokines in some cell types, they can induce the activation of downstream signals or mediate other functions such as phagocytosis. In the present study, we revealed that MDP alone up-regulates the production of cytokines or chemokines in mouse neutrophils via the Nod2-Rip2 pathway. In addition, a recent study by Oh et al. 29 showed that MDP induces secretion of IL-1b and IL-10 in mouse peritoneal neutrophils via a Nod2-dependent pathway. Therefore, Nod2-Rip2 signalling may contribute to immune responses such as cytokine/chemokine production in neutrophils against bacterial infection.
Initial studies suggested that Rip2/RICK was essential for TLR-mediated innate and adaptive immune responses. 30, 31 Furthermore, LPS stimulation enhanced the protein expression of Rip2 in macrophages. 26, 32 Moreover, cytokine production by TLR agonists and LPSinduced activation of NF-jB and MAPKs were impaired in Rip2-deficient macrophages and survival from endotoxin shock was improved in Rip2-deficient mice. 30 However, it was subsequently revealed that LPS preparations used to examine the role of Rip2 in mice were contaminated with peptidoglycan and specifically Nod1 and Nod2 agonists. 8, 13 Careful studies demonstrated that Rip2 is required for Nod1-and Nod2-mediated signalling in various cells such as macrophages and mesothelial cells, but not TLR signalling. 13, 14 In this study, cytokine/chemokine production and activation of NF-jB and MAPKs by MDP was abolished in Rip2-deficient neutrophils, whereas LPS responses were comparable to that observed in WT neutrophils, indicating that Rip2 is a critical molecule in the MDP-induced immune response in neutrophils, but is not involved in LPS-mediated signalling.
Rip2 appears to differentially mediate the immune response depending on bacterial and host cell types. In macrophages, Nod1 and Nod2 exert a redundant function in the production of cytokines in response to L. monocytogenes.
13 Although IL-6 and TNF-a production induced by bacterial infection was not different between WT and Nod1-or Nod2-deficient macrophages, the cytokine production was down-regulated in Rip2-and Nod1/2 double-deficient macrophages. 13 However, in the present study, both WT and Rip2-deficient neutrophils secreted comparable levels of IL-6 and CXCL1 in response to Gram-positive (Listeria) as well as Gram-negative (Yersinia) bacteria. Because Rip2 is dispensable for cytokine production in macrophages infected with Gram-negative bacteria, 33 the results suggest that the role of TLRs in inducing cytokines/chemokines is dominant in neutrophils and therefore no redundant effect of Nod1 and Nod2 can be observed. In addition, Kim et al. 26 showed that Nod1/Nod2 signalling plays an important role in host immune responses in macrophages tolerized to TLR stimulation or in mice pre-treated with LPS. Consistently, a role of Rip2 in the cytokine response elicited by Gramnegative bacterial infection could be revealed in macrophages tolerized to TLR stimulation. 33 Furthermore, Rip2 inhibitors (SB203580, PP2, and Gefitinib) reduced IL-6 production in TLR4-deficient macrophages, but not in WT cells, in response to Gram-negative Y. enterocolitica. 34 These findings suggest that Nod2 and Rip2 may play an important, but redundant, role in immune response against Gram-negative bacteria. In this study, we clearly revealed that Nod2 cooperates with TLR4 to produce cytokines/chemokines in neutrophils in response to Gram-negative bacteria.
In conclusion, our study showed that MDP, a bacterial peptidoglycan molecule, induces an immune response in mouse neutrophils via a Nod2-Rip2-dependent pathway. In addition, Nod2 plays an important role for optimal production of cytokines in neutrophils in response to live bacteria, which is revealed in TLR-deficient neutrophils. Further studies are needed to clarify the role of Nod2 and Rip2 within neutrophils in the regulation of the immune response in vivo against pathogenic bacteria.
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